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CLAMP CIRCUIT

BACKGROUND

One type of memory 1s resistive memory. Resistive
memory utilizes the resistance value of a memory element to
store one or more bits of data. For example, a memory
clement programmed to have a high resistance value may
represent a logic “1” data bit value and a memory element
programmed to have a low resistance value may represent a
logic “0” data bat value. Typically, the resistance value of the
memory element 1s switched electrically by applying a
voltage pulse or a current pulse to the memory element. One
type of resistive memory uses memristors as the memory
clements.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram illustrating one example of a
system.

FI1G. 2 1s a block diagram illustrating another example of
a system.

FIG. 3 1s a schematic diagram 1llustrating one example of
a clamp circuit.

FIGS. 4A-4C are schematic diagrams illustrating one
example of the system in different states.

FIG. 5 1s a timing diagram 1llustrating one example of the
control signals provided by the controller.

FIGS. 6A-6B are flow diagrams illustrating one example
ol a process for operating the system.

DETAILED DESCRIPTION

In the following detailed description, reference 1s made to
the accompanying drawings which form a part hereof, and
in which 1s shown by way of illustration specific examples
in which the disclosure may be practiced. It 1s to be
understood that other examples may be utilized and struc-
tural or logical changes may be made without departing
from the scope of the present disclosure. The following
detailed description, therefore, 1s not to be taken 1n a limiting
sense, and the scope of the present disclosure 1s defined by

the various examples described herein may be combined, in
part or whole, with each other, unless specifically noted
otherwise.

Examples of the disclosure provide a bandwidth enhanced
clamp circuit for a resistive memory, such as a memristor
memory. The bandwidth enhanced clamp circuit 1s electri-
cally coupled between a first node and a second node. The
first node 1s electrically coupled to a resistive memory array
and the second node 1s electrically coupled to a sense
amplifier. The clamp circuit maintains a predetermined
voltage on the first node between the resistive memory array
and the clamp circuit. The clamp circuit includes a first
transistor having a source-drain path electrically coupled
between the first node and the second node, a first current
source to add a current at the first node, and a second current
source to subtract, in a first state, the current at the second
node. The clamp circuit also includes a second transistor
having a source-drain path, a first side of the source-drain
path of the second transistor electrically coupled to the
second node. The second transistor mirrors the second
current source 1n the first state to subtract the second current
at the second node and 1s electrically disconnected from the
second current source and diode connected 1n a second state
to provide a load.

the appended claims. It 1s to be understood that features of
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FIG. 1 1s a block diagram illustrating one example of a
system 100. System 100 includes a resistive memory array
104, a clamp circuit 106, and a sense amplifier 108. Resis-
tive memory array 104 1s electrically coupled to clamp
circuit 106 through a signal path 116. Clamp circuit 106 1s
clectrically coupled to sense amplifier 108 through a signal
path 118.

System 100 1s part of a device that uses memory, such as
a computer, tablet, smart phone, or other suitable device.
Resistive memory array 104 includes a one dimensional
array of resistive memory cells, a two dimensional array of
resistive memory cells, or a three dimensional array of
resistive memory cells. In one example, each memory
clement of resistive memory array 104 includes a memristor.
In other examples, each memory eclement of resistive
memory array 104 includes a phase change memory cell, a
programmable metallization cell, or other suitable resistive
memory cell. Resistive memory array 104 utilizes the resis-
tance value of each memory element to store one or more
bits of data.

Clamp circuit 106 maintains a predetermined voltage on
signal path 116. Clamp circuit 106 maintains a high band-
width and remains stable throughout wide current swings of
resistive memory array 104 due to the memory cell resis-
tance variation. Clamp circuit 106 also provides a high
operating speed by eliminating the need for a pre-charge
phase between memory operations.

Sense amplifier 108 senses the current from resistive
memory array 104. In a first state, sense amplifier 108 senses
the leakage current of resistive memory array 104. In a
second state, sense amplifier 108 senses the current through
a selected resistive memory cell of resistive memory array
104.

FIG. 2 1s a block diagram 1llustrating another example of
a system 101. System 101 includes a controller 102, resistive
memory array 104, clamp circuit 106, and sense amplifier
108. Controller 102 1s electrically coupled to resistive
memory array 104 through a Sample Resistive Memory
Array Leakage Current (SRMALC) signal path 110 and a
Sample Selected Resistive Memory Cell Current (SS-
RMCC) signal path 112. Controller 102 1s electrically
coupled to clamp circuit 106 through a memory operation
signal path 114.

System 101 1s part of a device that uses memory, such as
a computer, tablet, smart phone, or other suitable device.
Controller 102 may include a processor, an Application
Specific Integrated Circuit (ASIC), or other suitable logic
circuitry for controlling resistive memory array 104, clamp
circuit 106, and sense amplifier 108. Controller 102 provides
a SRMALC signal and a SSRMCC signal to resistive
memory array 104 and provides a memory operation signal
to clamp circuit 106. In other examples, controller 102 may
provide other signals to resistive memory array 104, clamp
circuit 106, and/or sense amplifier 108 for controlling sys-
tem 101.

In operation, 1n response to a logic high memory opera-
tion signal and a logic high SRMALC signal from controller
102, the leakage current of resistive memory array 104 1s
sensed by sense amplifier 108 through clamp circuit 106 as
will be further described below with reference to FIG. 4A.
In response to a logic high memory operation signal and a
logic igh SSRMCC signal from controller 102, the memory
cell current of a selected resistive memory cell of memory
array 104 1s sensed by sense amplifier 108 through clamp
circuit 106 as will be further described below with reference
to FIG. 4B. In response to a logic low memory operation
signal from controller 102, resistive memory array 104,
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clamp circuit 106, and sense amplifier 108 are 1n a between
memory operations state as will be further described below
with reference to FIG. 4C.

FIG. 3 1s a schematic diagram 1llustrating one example of
a clamp circuit 106. Clamp circuit 106 includes a voltage
source (V3) 218, an operational amplifier 220, a first current
source (I11) 226, a second current source (12) 228, transistors
222, 236, and 238, and switches 232 and 234. In one
example, transistor 222 1s a p-channel field effect transistor
and transistors 236 and 238 are n-channel field effect tran-
sistors. In one example, switches 232 and 234 are transistor
switches, such as transmission gates, or other suitable
switches controlled by respective control signals.

The negative terminal of voltage source 218 1s electrically
coupled to common or ground 202. The positive terminal of
voltage source 218 1s electrically coupled to the non-invert-
ing mnput of operational amplifier 220 through a signal path
219. The mverting input of operational amplifier 220 1s
clectrically coupled to a first node 216. The output of
operational amplifier 220 1s electrically coupled to the gate
of transistor 222 through a signal path 221. The source-drain
path of transistor 222 1s electrically coupled between first
node 216 and a second node 231. One terminal of first
current source 226 1s electrically coupled to a reference
voltage 224. The other terminal of first current source 226 1s
clectrically coupled to first node 216.

One terminal of second current source 228 1s electrically
coupled to reference voltage 224. The other terminal of
second current source 228 1s electrically coupled to one side
of the source-drain path of transistor 238, the gate of
transistor 238, and one side of switch 234 through a signal
path 235. The other side of the source-drain path of transistor
238 1s electrically coupled to common or ground 202. The
other side of switch 234 1s electrically coupled to the gate of
transistor 236 and one side of switch 232 through a signal
path 233. The source-drain path of transistor 236 1s electri-
cally coupled between common or ground 202 and second
node 231. The other side of switch 232 is electrically
coupled to second node 231.

Operational amplifier 220 controls transistor 222 to main-
tain a predetermined voltage on first node 216 based on
teedback from first node 216 and the bias voltage provided
by voltage source 218. In one example, voltage source 218
provides 1.44V.

First current source 226 adds a current on first node 216.
In one example, current source 226 provides 160 uA.
Second current source 228, and transistors 236 and 238
provide a current mirror when switch 232 1s open and switch
234 15 closed. In one example, second current source 228
provides substantially the same current as first current
source 226, such as 160 uA. With switch 232 open and
switch 234 closed, a current substantially equal to the
current provided by second current source 228 1s subtracted
from second node 231. In this way, the current added at first
node 216 i1s subtracted at second node 231 such that the
current sensed by sense amplifier 108 substantially equals
the current from resistive memory array 104.

With switch 232 closed and switch 234 open, second
current source 228 1s electrically disconnected from transis-
tor 236, and transistor 236 1s diode connected to provide a
load. In this way, the current from first current source 226
flows through transistors 222 and 236 to maintain a voltage
bias on both sides of transistor 222 such that a pre-charge
phase 1s not needed.

FIGS. 4A-4C are schematic diagrams illustrating one
example of system 100 (FIG. 1) 1in different states. FIG. 4A

1s a schematic diagram illustrating one example of resistive
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memory array 104, clamp circuit 106, and sense amplifier
108 1n a first state 200q for sampling the leakage current of
resistive memory array 104. In this example, resistive
memory array 104 includes a one dimensional array of
resistive memory cells. Resistive memory array 104
includes a first voltage source (V1) 204, a second voltage
source (V2) 206, a first plurality of switches 208a-208(x)
(collectively referred to as switches 208), a second plurality
of switches (only switch 210(x) 1s 1llustrated for simplicity)
(collectively referred to as switches 210, and a plurality of
resistive memory cells 214a-214(x) (collectively referred to
as resistive memory cells 214), where “x” 1s any suitable
number of memory cells. In one example, switches 208 and
210 are transistor switches, such as transmission gates, or
other suitable switches controlled by respective control
signals.

The negative terminal of first voltage source 204 1s
clectrically coupled to a common or ground 202. The
positive terminal of first voltage source 204 1s electrically
coupled to one side of each switch 210. The other side of
cach switch 210 1s electrically coupled to one side of a
respective resistive memory cell 214 through a signal path
2124a-212(x). The negative terminal of second voltage
source 206 1s electrically coupled to common or ground 202.
The positive terminal of second voltage source 206 1is
clectrically coupled to one side of each switch 208. The
other side of each switch 208 1s electrically coupled to one
side of a respective resistive memory cell 214 through signal
path 212a-212(x). The other side of each resistive memory
cell 214 1s electrically coupled to signal path 216 (i.e., first
node 216).

In this example, 1n addition to the components previously
described and illustrated with reference to FIG. 3, clamp
circuit 106 includes switch 230. Switch 230 1s electrically
coupled between second node 231 and signal path 240 of
sense amplifier 108. In another example, switch 230 1s
excluded and second node 231 1s directly electrically
coupled to signal path 240 of sense amplifier 108.

Sense amplifier 108 includes a transistor 242. In one
example, transistor 242 1s an n-channel field effect transistor.
One side of the source-drain path of transistor 242 and the
gate of transistor 242 are electrically coupled to one side of
switch 230 through signal path 240. The other side of the
source-drain path of transistor 242 1s electrically coupled to
common or ground 202.

First voltage source 204 provides a read voltage for
sensing the current through a selected resistive memory cell
214 to determine the resistance of the selected resistive
memory cell. In one example, first voltage source 204
provides 3V. A memory cell 1s selected for a read or write
operation by closing one switch 210 to electrically connect
first voltage source 204 to the selected resistive memory cell
214. The switches 210 for the other non-selected resistive
memory cells 214 remain open.

Second voltage source 206 provides a voltage for sensing
the leakage current of the resistive memory array. In one
example, second voltage source 206 provides a voltage less
than first voltage source 204, such as 2V. To sense the
leakage current through the resistive memory array, switches
208 are closed and switches 210 are open to electrically
connect second voltage source 206 to each resistive memory
cell 214. During a read or write operation, the switch 208 for
the selected resistive memory cell 1s opened and the
switches 208 for the non-selected resistive memory cells
remain closed.

In state 200qa, the system 1s 1n a sample leakage current
state. In the sample leakage current state, switches 208, 230,
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and 234 are closed, and switches 210 and 232 are open.
Thus, transistor 236 mirrors the current provided by second
current source 228 to subtract at second node 231 the current
added by first current source 226 at first node 216. There-
fore, the current sensed by sense amplifier 108 1s substan-
tially equal to the leakage current through resistive memory
array 104.

FIG. 4B 1s a schematic diagram illustrating one example
of the system 1n a second state 20056. In state 2005, the

system 1s 1n a sample current of a selected resistive memory
cell state. In this state, switch 208 for the selected resistive
memory cell (e.g., 208(x)), switches 210 for the non-selected
resistive memory cells (not shown), and switch 232 are
open. Switch 210 for the selected resistive memory cell

(e.g., 210(x)), switches 208 for the non-selected resistive
memory cells (e.g., 208a-2085) and switches 230 and 234
are closed. Thus, clamp circuit 106 1s in the same state as
previously described and illustrated with reference to FIG.
4A. In this state, however, sense amplifier 108 senses the
current through the selected resistive memory cell (e.g.
memory cell 214(x)).

FIG. 4C 1s a schematic diagram illustrating one example
of the system 1n a third state 200c. In state 200c¢, the system
1s 11 a between memory operations state. In one example of
this state, switches 208 and 232 are closed, and switches
210, 230, and 234 are open. In another example of this state,
switches 208, 230, and 232 are closed, and switches 210 and
234 are open. Thus, transistor 236 1s electrically discon-
nected from second current source 228 and diode connected
to provide a load for first current source 226. In the example
where switch 230 1s excluded or where switch 230 1s closed,
the current from {irst current source 226 is split between
sense amplifier 108 and diode connected transistor 236.

FIG. 5 1s a timing diagram 300 illustrating one example
of the control signals provided by controller 102 (FIG. 2).
Timing diagram 300 includes the memory operation signal,
the SRMALC signal, and the SSRMCC signal. Time in
microseconds 1s indicated on the x-axis 302 and voltage in
volts 1s indicated on the respective y-axis 304, 306, and 308
for each signal.

As 1ndicated by timing diagram 300, memory operations
are pertormed during a logic high memory operation signal
as indicated for example at 320. Between memory opera-
tions, the memory operation signal 1s logic low as indicated
for example at 322. The memory operation signal controls
switches 230, 232, and 234 previously described and 1llus-
trated with reference to FIGS. 4A-4C. In response to a logic
high memory operation signal, switches 230 and 234 are
closed and switch 232 1s open as illustrated in FIGS. 4A and
4B. In response to a logic low memory operation signal,
switches 230 and 234 are open and switch 232 1s closed as
illustrated 1n FIG. 4C.

Sampling of the resistive memory array leakage current 1s
performed during a logic high memory operation signal and
a logic high SRMALC signal as indicated for example at
330. Between samplings of the resistive memory array
leakage current, the SRMALC signal 1s logic low as indi-
cated for example at 332. The SRMALC signal controls
switches 208 previously described and 1illustrated with ref-
erence to FIGS. 4A-4C. In response to a logic high memory
operation signal and a logic high SRMALC signal, switches
208 are closed as 1illustrated in FIG. 4A. In response to a
logic high memory operation signal and a logic low
SRMALC signal, switch 208 for the selected memory cell 1s
open and switches 208 for the non-selected memory cells are
closed as illustrated in FIG. 4B. In response to a logic low
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memory operation signal and a logic low SRMALC signal,
switches 208 are closed as 1llustrated 1n FIG. 4C.

Sampling of the current through a selected resistive
memory cell 1s performed during a logic high memory
operation signal and a logic high SSRMCC signal as 1ndi-
cated for example at 340. Between samplings of a current
through a selected resistive memory cell, the SSRMCC
signal 1s logic low as indicated for example at 342. The
SSRMCC signal controls switches 210 previously described
and 1illustrated with reference to FIGS. 4A-4C. In response
to a logic high memory operation signal and a logic high
SSRMCC signal, switch 210 for the selected memory cell 1s
closed and switches 210 for the non-selected memory cells
are open as illustrated 1n FIG. 4B. In response to a logic high
memory operation signal and a logic low SSRMCC signal,
switches 210 are open as illustrated in FIG. 4A. In response
to a logic low memory operation signal and a logic low
SSRMCC signal, switches 208 are open as illustrated 1n
FIG. 4C.

While timing diagram 300 illustrates signals for 400 ns
memory operations, clamp circuit 106 1s operable and stable
for memory operations below 100 ns.

FIG. 6A 15 a flow diagram illustrating one example of a
process 400 for operating the system. At 402, a predeter-
mined voltage 1s maintained on a first node between a
resistive memory array and one side of a source-drain path
of a first transistor. At 404, a current 1s added at the first
node. At 406, 1n a first state, the current 1s subtracted at a
second node between a second side of the source-drain path
of the first transistor and a sense amplifier such that a current
sensed by the sense amplifier substantially equals a current
from the resistive memory array. At 408, 1n a second state,
a load 1s electrically connected to the second node.

FIG. 6B 15 a flow diagram illustrating one example of a
process 410 for operating the system during the first state of
block 406 of process 400 previously described and illus-
trated with reference to FIG. 6 A. At 412, 1n a first sub-state
of the first state, a leakage current of the resistive memory
array 1s sampled. At 414, in a second sub-state of the first
state, a current ol a selected resistive memory cell 1s
sampled.

Although specific examples have been illustrated and
described herein, a variety of alternate and/or equivalent
implementations may be substituted for the specific
examples shown and described without departing from the
scope of the present disclosure. This application 1s intended
to cover any adaptations or varnations of the specific
examples discussed herein. Therefore, it 1s intended that this
disclosure be limited only by the claims and the equivalents
thereof.

The mnvention claimed 1s:

1. A device comprising:

a first transistor having a source-drain path electrically
coupled between a first node and a second node;

an operational amplifier having an output electrically
coupled to a gate of the first transistor, the operational
amplifier to control the first transistor to maintain a
predetermined voltage on the first node;

a first current source to add a current at the first node;

a second current source to subtract the current at the
second node;

a plurality of switches to switch the device between a first
state and a second state; and

a second transistor to mirror the current from the second
current source to subtract the current at the second node
in the first state and to be diode connected and electri-
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cally disconnected from the second current source to
provide a load at the second node in the second state.

2. The device of claim 1, further comprising:

a controller to control each of the plurality of switches.

3. The device of claim 1, further comprising:

a sense amplifier to electrically connect to the second
node 1n the first state and to electrically disconnect
from the second node 1n the second state.

4. The device of claim 1, further comprising:

a resistive memory array electrically coupled to the first
node.

5. A device comprising:

a resistive memory array;

a sense amplifier; and

a clamp circuit comprising a first transistor having a
source-drain path electrically coupled between the
resistive memory array and the sense amplifier, a first
current source to add a current at a first node between
the source-drain path of the first transistor and the
resistive memory array, and a second current source to
subtract, 1n a first state, the current from a second node
between the source-drain path of the first transistor and
the sense amplifier, wherein the clamp circuit com-
prises a second transistor having a source-drain path, a
first side of the source-drain path of the second tran-
sistor electrically coupled to the second node, the
second transistor to mirror the second current source 1n
the first state and to be electrically disconnected from
the second current source and diode connected in a
second state.

6. The device of claim 35, wherein the clamp circuit
comprises a switch to electrically connect the source-drain
path of the first transistor to the sense amplifier 1n the first
state and to electrically disconnect the source-drain path of
the first transistor from the sense amplifier 1n the second
state.

7. The device of claam 5, wheremn the clamp circuit
comprises a switch to electrically connect the second current
source to the second transistor in the first state and electri-
cally disconnect the second current source from the second
transistor in the second state.
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8. The device of claam 5, wherein the clamp circuit
comprises a switch such that the second transistor mirrors
the second current source to subtract the current in the first
state and to diode connect the second transistor 1n the second
state.

9. The device of claim 5, wherein the clamp circuit
comprises an operational amplifier having an output elec-
trically coupled to the gate of the first transistor, the opera-
tional amplifier to maintain a predetermined voltage at the
first node.

10. A method comprising:

maintaining a predetermined voltage on a first node

between a resistive memory array and a first side of a
source-drain path of a first transistor;

adding a current at the first node;

in a first state, subtracting the current at a second node

between a second side of the source-drain path of the
first transistor and a sense amplifier such that a current
sensed by the sense amplifier substantially equals a
current from the resistive memory array;

in a second state, electrically connecting a load to the

second node,

in a first sub-state of the first state, sampling via the sense

amplifier, a leakage current of the resistive memory
array; and

in a second sub-state of the first state, sampling via the

sense amplifier, a current of a selected resistive
memory cell.

11. The method of claam 10, wherein in the first state,
subtracting the current at the second node comprises mir-
roring a current source via a second transistor; and

wherein 1 the second state, electrically connecting the

load to the second node comprises diode connecting the
second transistor and electrically disconnecting the
current source from the second transistor.

12. The method of claim 10, wherein maimntaiming the
predetermined voltage on the first node comprises control-
ling the first transistor via an operational amplifier based on
a feedback voltage from the first node and a bias voltage.
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